In situ transmission electron microscopy study of the nanodomain growth in a Sc-doped lead magnesium niobate ceramic Sc doping enhances the B-site 1:1 cation ordering in the Pb͑Mg 1/3 Nb 2/3 ͒O 3 ceramic. At low doping levels, the electrical polar domains remain at the nanometer scale and the relaxor ferroelectric behavior persists. The electric field-induced relaxor to normal ferroelectric phase transition process was directly observed with an in situ transmission electron microscopy technique in a Sc-doped Pb͑Mg 1/3 Nb 2/3 ͒O 3 polycrystalline sample. It was found that the phase transition started at the grain boundary and took two steps to complete: the gradual coalescence of the polar nanodomains and the abrupt formation of the large wedge-shaped ferroelectric domains. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2219416͔
The dielectric property of Pb͑Mg 1/3 Nb 2/3 ͒O 3 , the prototype relaxor ferroelectric compound, displays a high relative permittivity, a broad dielectric peak, and a strong frequency dispersion.
1,2 The origin of the relaxor ferroelectric behavior traces back to the structure of the compound, where nanometer scale ͑Ͻ5 nm͒ 1:1 cation ordering exists on the B site of the ABO 3 perovskite. [3] [4] [5] In addition to the nanoscale chemical ordering, this compound contains nanoscale polar ordering as well. 6 Despite extensive theoretical and experimental studies for several decades, the relation between these two types of nanoscale ordering is still unclear. 2, 7, 8 The polar nanoregions in Pb͑Mg 1/3 Nb 2/3 ͒O 3 can grow into micrometer-sized ferroelectric domains when driven by external electric fields, which correspond to a field-induced first order phase transition. [9] [10] [11] [12] [13] [14] Measurements of the fieldinduced polarization and the x-ray diffraction peak shifts under bias at low temperatures suggested that the phase transition takes place abruptly after an incubation period. [11] [12] [13] It is inferred that the polar nanoregions get coarsened during the incubation period. 12, 13 However, the morphological evolution of the polar nanodomains during the phase transition has never been directly imaged at the nanometer scale. Furthermore, the time-delayed phase transition has only been observed in high quality pure Pb͑Mg 1/3 Nb 2/3 ͒O 3 single crystals.
Transmission electron microscope ͑TEM͒ has long been used to image both polar and chemical nanodomains in relaxor ferroelectric compounds. [3] [4] [5] Obviously, TEM equipped with a specimen holder with electrical bias and cooling capabilities would be ideal for studying the electric fieldinduced relaxor to normal ferroelectric phase transition. As a proof-of-concept for such a study, we explored polycrystalline specimens of a Sc-doped Pb͑Mg 1/3 Nb 2/3 ͒O 3 ceramic. Sc doping was shown to strongly enhance the cation ordering and slightly enhance the polar ordering in Pb͑Mg 1/3 Nb 2/3 ͒O 3 ceramic. [15] [16] [17] At low doping levels, large cation ordered domains can be obtained with the relaxor behavior retained. This facilitates the direct observation on the interaction between the chemical domains and the growing polar domains. With the in situ TEM technique, we visualized the electric field-induced phase transition process in a relaxor ferroelectric compound at the nanometer scale.
The Sc dopant is incorporated through solid solution of Pb͑Mg 1/3 Nb 2/3 ͒O 3 with Pb͑Sc 1/2 Nb 1/2 ͒O 3 . The composition of the ceramic used in this study is 0.92Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.08Pb͑Sc 1/2 Nb 1/2 ͒O 3 ͑abbreviated as PSMN8͒. A two step solid state reaction method was employed to prepare the ceramic. The starting materials used in this work were commercially available and high purity ͑bet-ter than 99.9 wt %͒ PbO, MgO, Nb 2 O 5 , and Sc 2 O 3 powders. After vibratory milling in isopropyl alcohol for 6 h and subsequent drying, the well-mixed stoichiometric powders of B-site oxides were calcined at 1100°C for 4 h. The calcined powders were then combined with PbO powder, milled for 6 h, and calcined at 900°C for 4 h to form phase pure perovskite powder. Pressed disks, 12 mm in diameter by 2 mm thick, were formed by cold pressing. The preformed pellets were then sintered at 1250°C for 3 h and cooled slowly to 900°C at the rate of 10°C/h in controlled atmosphere.
The surface layers of the sintered pellets were removed and x-ray diffraction was used to check the phase purity and the cation ordering. The cation ordering was also examined by dark field imaging in a JEOL 2010 TEM, operating at 200 keV. The dielectric characterization was performed with an LCR meter ͑HP-4284A, Hewlett-Packard͒ in conjunction with an environmental chamber ͑9023, Delta Design͒. A cooling rate of 2°C / min was used during this measurement. Electric field-induced phase transition was then evaluated by the thermal depolarization measurement with a picoammeter ͑Model 484, Keithley͒ and the polarization hysteresis measurement with a standardized ferroelectric test system ͑RT-66A, Radiant technologies͒. The in situ TEM experiment was carried out on the same JEOL 2010 TEM with a special specimen holder. The holder has two electrical leads at the tip and the specimen can be cooled by liquid nitrogen. Detailed specimen preparation procedure and electrode configuration for the in situ study can be found in previous reports. [18] [19] [20] Starting at room temperature, an electrical voltage of 200 V, corresponding to a field of 10 kV/ cm, was applied and maintained. The specimen was then cooled at a rate of 2°C / min. Bright/dark field images as well as selected area electron diffraction patterns were recorded by a charge-coupled device ͑CCD͒ camera at certain temperatures.
X-ray diffraction showed an evident ͑ ordering parameter ␣ for the ceramic, evaluated according to the common procedure used in literature, 15 is 0.9. The x-ray diffraction also indicated a pseudocubic structure with a lattice parameter of 4.0608 Å. Compared with the lattice parameter of 4.0509 Å for the undoped Pb͑Mg 1/3 Nb 2/3 ͒O 3 , Sc doping increased the unit cell size due to the larger Sc 3+ ion radius. The strong 1:1 cation ordering in the ceramic is further confirmed by TEM analysis. Chemical domains with average size on the order of 100 nm were clearly seen.
The dielectric properties of the ceramic are shown in Fig. 1 . The permittivity exhibits characteristics of a relaxor ferroelectric, namely, a broad peak and a strong frequency dispersion. At 1 kHz, the maximum relative permittivity max was measured as 21 441 at the T max of −5°C. The thermal depolarization measurement was carried out on a sample during zero-field heating after it had been cooled under a field of 10 kV/ cm. The T d0 was measured to be −38°C. Compared with the T max of −10°C and the T d0 of −60°C in pure Pb͑Mg 1/3 Nb 2/3 ͒O 3 , 10 Sc doping shifts both T max and T d0 to higher temperatures, indicative of an enhanced ferroelectric polar order. In accordance with this, the max decreases slightly compared to that of the undoped Pb͑Mg 1/3 Nb 2/3 ͒O 3 ceramic ͑22 870 at 1 kHz͒.
The electric field-induced relaxor to normal ferroelectric phase transition in the ceramic was characterized by the polarization hysteresis measurement on a bulk circular plate sample with diameter of 10 mm and thickness of 0.2 mm, with the field applied along the thickness direction. As expected, at room temperature, the PSMN8 ceramic showed a nonlinear P ϳ E relation with no hysteresis, as shown in Fig.  2 . However, a well-defined square hysteresis loop was observed at −50°C, with coercive field E c of 5.2 kV/ cm and remanent polarization P r of 26 C/cm 2 . Further decreasing in temperature leads to the increase in both E c and P r . The appearance of the square hysteresis loops at low temperatures indicates the presence of a normal ferroelectric phase in PSMN8.
In order to determine the field level needed for the in situ TEM study and assess the sample geometry effect on the field-induced phase transition, a TEM specimenlike sample ͑a 100 m thick disk with diameter of 3 mm͒ was tested for the hysteresis measurement too. In this configuration, two half-circle shaped electrodes were deposited on a flat surface of the disk with a gap of 200 m.
18-20 Therefore, in-plane electric fields were applied and the result is also plotted in Fig. 2 . Compared to the conventional circular plate sample with electric field applied along the thickness direction, the TEM specimenlike disk shows a higher E c ͑8.2 kV/ cm͒ and a lower remanent polarization. Furthermore, the hysteresis loop is no longer symmetrical.
The electric field-induced phase transition was then directly visualized inside a TEM on a specimen during a cooling process under 10 kV/ cm static electric field, as shown in Fig. 3 . One grain with its ͗110͘ direction close to the electron beam was focused. Strong cation ordering was observed with dark field imaging in this grain. At room temperature, very faint contrast of polar nanoregions, associated with bending contours, is noticed ͓Fig. 3͑a͔͒. The inset in Fig. 3͑a͒ shows the ͗110͘ zone-axis electron diffraction pattern. The in-plane directions ͗001͘ and ͗110͘ are indicated by bright arrows in this micrograph. A grain boundary is also noted by the bright dashed line at the top.
Then the polycrystalline specimen was subjected to a field-cooling process, with the direction indicated by the bright arrow in Fig. 3͑b͒ . The field direction happened to be very close to the ͗001͘ direction. No detectable morphological changes of the polar nanoregions were observed at room temperature under the static field. However, when the temperature reached −50°C, evident changes were noticed in the area close to the grain boundary, as shown in Fig. 3͑b͒ . It is clear that clustering of the polar nanoregions occurred. The coalescence of the polar nanodomains continued during the further cooling to −55°C ͓Fig. 3͑c͔͒. Up to this temperature, the morphology of the nanodomains remained irregular shaped without well-defined domain walls. When the temperature reached −70°C, a dramatic change in the domain morphology was observed ͓Fig. 3͑d͔͒. Large wedge-shaped ferroelectric domains ͑Ͼ200 nm͒ with straight domain walls appeared in the close vicinity of the grain boundary. The domain walls are close to the ͕110͖ plane. Further cooling to −90°C led to the growth of existing large domains and the emergence of additional large domains ͓Fig. 3͑e͔͒. At this temperature ͑−90°C͒, the specimen was held for 30 min under the applied bias. Further growth of the large domains was seen ͓Fig. 3͑f͔͒.
The results shown in Fig. 3 indicate that there are two stages for the evolution of the polar nanodomains under electric field, the gradual coalescence of nanodomains and the abrupt formation of wedge-shaped large domains. This observation is very similar to the transition process depicted by x-ray diffraction and polarization measurement in ͗111͘-oriented Pb͑Mg 1/3 Nb 2/3 ͒O 3 single crystals. 12, 13 It should be noted that the current observation was made with one individual grain in a polycrystalline ceramic. It implies that the field-induced phase transition behavior of individual grains in a polycrystalline aggregate resembles that of single crystals. However, the macroscopic polarization measurement in polycrystalline ceramics was not able to reveal the two-stage process. Figure 3 also shows that the coalescence of polar nanodomains and the formation of wedge-shaped large domains take place in the vicinity of a grain boundary. The result is consistent with the random field model for relaxor ferroelectrics, where the polar ordering is controlled by the quenched random electric fields originating from charged point defects. 21 At grain boundaries, higher concentration of point defects is expected. Therefore, grain boundaries are preferred sites for the initiation of the field-induced phase transition.
The electric field-induced normal-ferroelectric phase presumably possesses a rhombohedral structure with spontaneous polarization along the ͗111͘. 10 Under current experimental conditions, the electric field is applied along a direction close to the ͗001͘. Therefore, domains with polarization vectors ͓111͔, ͓111͔, ͓111͔, and ͓111͔ should be almost equally favored and multiple domains are expected. This is indeed the case as confirmed in Fig. 3 . The observed ͕110͖ domain walls are therefore electrically charged. It should be pointed out here that there is an alternative interpretation of these domain walls. Close examination of Figs. 3͑e͒ and 3͑f͒ shows that the multiple domains may merge to a single domain as they grow. Therefore, these domain walls could possibly be the rhombohedral/pseudocubic phase boundary.
To summarize, strong 1:1 B-site cation ordering is present in the 0.92 Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.08 Pb͑Sc 1/2 Nb 1/2 ͒O 3 solid solution. This chemically ordered ceramic retains the characteristics of the relaxor behavior but with an enhanced ferroelectric polar order. At lower temperatures, a relaxor to normal ferroelectric phase transition can be triggered by external electric fields. Direct observation with an in situ TEM technique reveals that the phase transition process is initiated at the grain boundary. The polar nanoregions gradually coalesce and then abruptly transform into wedge-shaped large ferroelectric domains. The large domains merge into a single domain as they grow. FIG. 3 . The morphological evolution of the polar nanodomains during fieldcooling under 10 kV/ cm revealed by the in situ TEM technique. The applied field direction is shown by the arrow in ͑b͒. ͑a͒ The initial polar nanoregions at room temperature. The inset shows the ͗110͘ zone-axis selected area electron diffraction ͑SAED͒ pattern. ͑b͒ −50°C, ͑c͒ −55°C, ͑d͒ −70°C, ͑e͒ −90°C, and ͑f͒ −90°C after 30 min.
